Certain reagents, such as ascorbate or iron salts and thiols, enhance the bacteriostatic action of nitrite on foodspoilage bacteria. This may be due to the formation of nitric oxide and iron-thiol4trosyl ((Fe-S-NO]) complexes. The minimum concentrations of these reagents required to inhibit growth of Clostridium sporogenes were investigated. A mixture of nitrite (0.72 mM) with iron (1.44 mM) and cystehe (2.16 mM) was found to be extremely inhibitory when autoclaved and diluted into the culture medium. This mixture caused rapid cessation of growth and loss of cell viability at a final concentration corresponding to 40 pM-nitrite. If added to the initial culture medium, it prevented growth at 5 pM-nitrite. The mixture W~S more inhibitory, on the basis of the nitrite concentration used, than the 'Perigo factor', obtained by autoclaving nitrite in growth medium. [Fe-%NO] compounds of known chemical structure were tested to determine if they were responsible for this effect. Total inhibition of cell growth was observed with the tetranuclear clusters [Fe,S,(NO),] (Roussin's black salt), [Fe,S,(NO),] or [Fe,Se,(NO),], added at concentrations equivalent to 10 pM-nitrite, or with [Fe2(SMe),(NO),] (methyl ester of Roussin's red salt), equivalent to 200 pM-nitrite. The rate of hydrogen production in growing cell cultures was inhibited by [Fe,S,(NO),] at levels equivalent to 2.5 pM-nitrite. EPR spectra of the inhibited cells showed features with g-values of 2-03, characteristic of mononuclear iron-nitrosyl species, and, under nonreducing conditions, an unusual signal at g = 1-65. There was no correlation between growth inhibition and the g = 2.03 signal, though there was a better correlation between inhibition and the g = 1.65 signal. The direct effects of the compounds were tested on the iron-sulphur proteins of the phosphoroclastic system, namely ferredoxin, pyruvate-ferredoxin oxidoreductase and hydrogenase. EPR spectra and enzyme assays showed that these proteins were not destroyed by [Fe,S,(NO),], [Fe,S,(NO),], [Fe,(SMe),(NO),], [Fe(SPh),(NO),], or M2 (an autoclaved mixture of 66 mM-cystehe, 3.6 mM-FeSO, and 0.72 m~-NaN0,) at concentrations higher than those that caused total inhibition of cell growth. Inhibition of cells by [Fe-S-NO] compounds is unlikely to be due to interaction with the preformed enzymes. The possible formation of iron-nitrosyl complexes in tritro, and their inhibitory actions, are discussed.
Introduction
Nitrite is widely used as an antimicrobial agent, particularly in meats. A number of studies on the inhibition of clostridial growth by heated mixtures of nitrite with iron and thiol-containing compounds have been carried out over the last 15 years (Incze et al., 1974; Riha & Solberg, 1975; Huhtanen & Wasserman, 1975;  Abbreviations : [ Fe-S-NO] , iron-thiol-nitrosyl; M 1, 66 m-cysteine + 3.6 mM-FeSO, + 0-72 mM-NaNO,; M2, as M1, but autoclaved at 121 "C for 15 min; M3, autoclaved mixture of 2.16 mM-cysteine + 0-72 m-NaNO, + 1.44 mM-FeSO,. Asan & Solberg, 1976) . Huhtanen & Wasserman (1975) suggested that Roussin's black salt, [ Fe,S,(NO) ,] ( Studies carried out under a range of growth conditions have shown that the inhibitory effect of nitrite on clostridial growth in liquid culture is enhanced by adding Fe(I1) or Fe(II1) salts and thiol-containing compounds (Huhtanen & Wasserman, 1975; Moran e? aZ., 1975; Asan & Solberg, 1976) . Typical final concentrations necessary to inhibit clostridial growth were 0.1-0-2 mM-Fe(II), 0-04-0-29 mM-nitrite, and 1-10 mM-cysteine. Some inhibitory nitrite derivatives do not require heat in their synthesis and cannot strictly be classed as Perigo factors. Huhtanen & Wasserman (1975) found that the effect of iron was more pronounced when nitrite was added to medium which had already been autoclaved with iron salts present, rather than if both nitrite and iron salts were added prior to autoclaving.
Van Roon (1974) suggested that an [Fe-S-NO] complex may be responsible for inhibition of clostridial growth in cooked meat products. A number of such complexes have since been synthesized chemically ; they are effective nitrosating agents, which may account for some of their inhibitory actions (Butler et al., 1988) .
[ Fe-S-NO] complexes are numerous and chemically reactive. Their formation and interconversions have recently been reviewed by Butler et al. (1988) . [Fe,S,(NO) ,] readily decomposes to form the paramagnetic mono-iron-nitrosyl species [Fe(NO) , (SR),] . Under alkaline conditions, these can recombine to form Roussin's red salt, [Fe,(SH) ,(NO),]. Both black and red salts have antimicrobial activity. The methyl ester of the red salt, [Fe,(SMe) ,(NO),] ( Fig. l b ) has been isolated from natural vegetable sources, and is a known mutagen and tumour promoter. It can be formed by incubating nitrite with parsley (Petroselinium crispum), which contains the iron-sulphur protein ferredoxin (Baty et al., 1987; Butler et al., 198Sa) . The ester can also be readily synthesized in v i m (Butler et. al., 1985b) , and may cause -oesophagal cancer (Butler et al., 1985a) . The decomposed ester is a much more potent nitrosation agent than the pure complex. In addition, paramagnetic [Fe(NO) , (SH) ,] species are formed by reaction of nitrite with preformed iron-sulphur clusters (Butler et . al., 1988) , such as those present in clostridial [4Fe-4S] 'ferredoxin-type' proteins, which occur widely in electron-transfer pathways. Mononuclear iron-nitrosyl species of the type [Fe(NO),(SR),]-are distinctive in that they have readily-detected EPR spectra, centred around g = 2.03. By this means, it has been shown that they are readily formed from nitrite, both in vitro and in vivo. For example, Reddy et al. (1983) detected the formation of mononuclear iron-nitrosyl corgpJexes by EPR spectroscopy after adding NaNO, to sonicated cells of C. botulinum. Addition of ascorbate with the nitrite to cell extracts resulted in an increase in EPR signal intensity. It was hypothesized that iron-sulphur proteins might be the most important site of nitrite reaction, and that the resultant iron-nitrosyl formation was the basis of the antibotulinal activity of nitrite in foods.
However, in our recent studies of the effects of mixtures of iron, nitrite and thiols on the growth of vegetative cells and hydrogen production by the model food-spoilage bacterium Clostridium sporogenes (Payne et al., 1990), we found no correlation between inhibition and the formation of the g = 2.03 signals. These studies also showed that the most inhibitory mixtures were obtained by autoclaving nitrite with iron and cysteine before adding to the culture medium, and were EPRsilent. These were more effective at inhibiting cell growth than either nitric oxide or the 'Perigo inhibitor' obtained. by. autoc1avin-g. the gewtb medium-wkh nitrite (Perigo et al., 1967) .
Although the mononuclear iron-nitrosyl species appear not to be implicated in the inhibition of clostridial growth, other complexes are more effective. Moran et al. (1975) found that germination of C . sporogenes spores was inhibited by [Fe,S,(NO) ,] at a concentration of 50 p~., but not at 12.5 p~ or less. They concluded that the inhibition of growth by nitrite autoclaved in medium could be due to a combination of [ Fe, S3( NO) ,], [ Fe(NO),(Cys),] and S-nitrosocysteine, although no single compound was detected at a level adequate for inhibition. [Fe(NO),(Cys),] also inhibited the growth of Staphylococcus saprophyticus (Larkworthy et al., 1977) . Doyle et al. (1980) showed that direct transfer of coordinated nitrosyl groups from metal nitrosyls to metalloproteins could occur without the intervention of unassociated nitric oxide. So far, the interaction of Iron-thiol-nitrosyl and C. sporogenes 2079
[Fe-S-NO] complexes with iron-sulphur proteins, such as those occurring in clostridia, has not been extensively investigated.
In the present study, we investigated the effects of adding preformed [Fe-S-NO] complexes ( Fig. 1 ) to growing cultures of C. sporogenes. We also monitored the effect of adding the [Fe-S-NO] species directly, in vitro, to cell extracts containing the iron-sulphur enzymes of the phosphoroclastic system, namely pyruvateferredoxin oxidoreductase, ferredoxin and hydrogenase. In this way, the concentrations necessary for inhibition of cell growth were compared to those necessary to inhibit enzyme activity.
-.
Methods

Preparation of inhibitors.
A filter-sterilized solution of 66 mMcysteine, 3-6 m~-FeSo, and 0.72 ~M -N~N O , (denoted M1) was added at 56 ml l-' concentration to Oxoid nutrient broth no. 2 (autoclaved separately), prior to the addition of glucose and thioglycollate. Mixture M2 was similar, but was autoclaved before adding to the medium. M1 or M2 were added to normal cultures after 4 h growth, by which time the cells had reached exponential-phase.
Roussin's Black Salt. [Fe4S3(NO),].
The method of synthesis was modified from Roussin (1858). Sodium nitrite (8 g) was dissolved in 40 ml of water. This was added to a 42 ml solution of 17% (v/v) ammonium polysulphide (BDH). The mixture was added then heated to boiling. Immediately after boiling point was reached, 160 ml of 0-45~-FeSO, was added. The black precipitate formed was boiled vigorously for 15 min, while 22% ammonia solution was added at regular time intervals, until a total volume of 25 ml had been added. The precipitate was then quickly filtered while very hot. The salt was purified from the filtrate by extracting twice with diethyl ether. Dry crystals of the salt were obtained by flushing the solution with oxygenfree nitrogen, and were stored under nitrogen, to prevent oxidation, at -20 "C.
Prepmution of [Fe.JJNO),]. Na+[Fe4Se3/NO)A-(0-3 g) and eletal sulphur (0.5 g) were heated under reflux in dry toluene (50 ml), under nitrogen for 16 h. After cooling, the mixture was filtered through a packed bed of Hyflo-supercel(2 cm deep), and the solvent was removed (oil pump vacuum) from the filtrate. The residue was dissolved in the minimum volume of chloroform and chromatographed on a silica column (6 cm x 1 cm); the black band was eluted with chloroform. Removal of the solvent gave Fe,S,(NO),] as black shiny plates (70% yield).
Other [Fe-S-NO] complexes. Previously described methods were used for the preparation of [Fe,(SMe) (Field et ul., 1978) .
Inhibition of cell growth by [Fe-S-NO] complexes. Cultures of C. sporogenes NCIB 10696 were grown in Oxoid nutrient broth as described in the accompanying paper (Payne et ul., 1990 [Fe,S,(NO) ,I formed a fine blackish precipitate, while [Fe2(SMe),(NO),] formed a more dense orange precipitate. Cells were harvested after a further 12 h, by centrifugation at 16300g for 10 min at 4 "C. Viability of inhibited cells was tested by re-inoculating into fresh growth medium.
Measurement of hydrogen productwn during cell growth. Cultures (5 ml) were incubated at 37 "C in 27 ml glass vials, sealed with redrubber septa. Hydrogen evolved during growth was measured at regular time intervals by withdrawing 100 p1 aliquots of gas from above each culture and injecting into a gas chromatograph. After several hours of cell growth, a solution of the inhibitor was added.
The preparations of ferredoxin, soluble cell-free extracts and hydrogenase were as described in the accompanying paper (Payne et al., 1990) . Assays of pyruvate-ferredoxin oxidoreductase and hydrogenase activity were based on the rate of reduction of methyl viologen (Payne et al., 1990). The preparation of samples for EPR spectroscopy was as described in the accompanying paper (Payne et al., 1990).
Inhibition of cell growth
Prevention of cell growth by inhibitors in the medium. Mixtures of NaNO,, FeSO, and cysteine inhibited growth when added to growing cultures of C. sporogenes cells (Fig. 2 ). These were more inhibitory if they were autoclaved prior to adding to growth medium which contained no cells, the threshold final concentrations necessary to prevent the initiation of cell growth being 5.0, 2-5 and 1 5 . 0~~ respectively. However, when the and M2. Cultures of C. sporogenes were inoculated into liquid growth medium and incubated at 37 "C. Turbidity measurements were made each hour over an 8 h period. After 3 h of growth, inhibitor MI or M 2 was added, at a final concentration of 56 ml l-l. Each culture was prepared in triplicate. U, Control culture; +, culture + M1; a, culture + M2. same autoclaved mixture was added to medium in which cells had reached exponential-phase growth, then growth continued, and cell yields (expressed as wet weight of cells per litre of growth medium) were around 20% of control cell yields (Table 1) . When these cells were inoculated into normal growth medium, cell growth recovered fully.
Efect of unheated mixture MI. The minimum concentration of iron, nitrite and cysteine necessary to cause total growth inhibition was investigated ( Table 1) . For purposes of comparability, these were added at concentrations similar to those used by Moran et al. (1975) . A stock solution of 3.6 rn~-FesO,, 0.72 m-NaNO, and 66 mwcysteine (denoted M1) was prepared. This was clear, odourless and colourless at first, but darkened, over a period of hours, to a deep yellow colour. If the solution was prepared anaerobically, it remained colourless. Cell yield of C. sporogenes (expressed as wet weight of cells per litre of growth medium) was not significantly affected ( Table 1) by growth with M1, added at a final concentration of 40 p .~-N a N 0~. However, cells were dark in colour, clumped together and had a similar consistency to cell pellets after growth with 4 mwnitrite.
Efect of heated mixtures.
If M1 was added to the total volume of growth medium, at a final concentration of 40 p .~-N a N 0~, and then autoclaved, it caused total inhibition of growth of an inoculum of C. sporogenes cells. However, after re-inoculation of these cultures into fresh growth medium, the cells remained viable.
When MI was autoclaved, a dark brown solution (M2) was formed. The effects of the autoclaved mixture M2; at the same concentration, were much more marked. It caused cell lysis (observed as a decrease in optical density) and total inhibition of growth (Fig. 2) . The wet weight of clostridia inoculated into 10 1 of medium was around 0.3 g, but after adding M2, only 0-1 g of cells were eventually harvested following a further 16 h growth. Cell pellets were black, and readily dispersed in buffer, producing a flaky suspension. They were not viable if reinoculated into fresh medium (Table 1) . When the nitrite concentration in M2 was decreased from 720 p~ to 100 VM (giving a final concentration of nitrite in growth medium of 5 * 6 p~) , 90% inhibition of growth occurred. Therefore Fe2+ ions, NaN02 and cysteine appeared to produce a more effective inhibitor of cell growth when autoclaved first, as a concentrated solution (M2), than if diluted into the medium and then autoclaved. In each case inhibition was dependent on all three reagents. If nitrite, cysteine or Fe2+ was omitted, the mixture failed to inhibit growth (results not shown).
Optimization of the concentrations of iron, nitrite and cysteine. The antimicrobial action of nitrite was not dependent on the presence of a large excess of reducing (Table 2) . [Fe,(SMe),(NO),] was inhibitory at 200 p~ Concentration. M2 also caused total growth inhibition when nitrite was present at a final concentration of 40 p~. The nitrosamine S-nitroso-DL-penicillamine, at similar concentrations, did not inhibit cell growth.
Inhibition of the enzymes of the phosphoroclastic system
After the addition of mixture M1, with nitrite present at a maximal final concentration of 4Op.~, to cultures of C. sporogenes, hydrogen production was decreased to 33% of the rate in control cultures within 2 h (Fig. 3) . This concentration is insufficient to prevent cell growth (Payne et al., 1990) . With the bacteriostatic autoclaved mixture M2, hydrogen production was completely inhibited within 40 min. [Fe,S,(NO) ,] (17.5 p~) inhibited hydrogen production over a period of 330 min.
Soluble extracts from cells grown with the various inhibitors were tested for hydrogenase and pyruvateferredoxin reductase activities. Extracts from cells grown with 56 ml 1-1 of the unheated mixture M1, a concentration which permitted normal growth, had 13% and 21 % of control specific activities for hydrogenase and pyruvate-ferredoxin oxidoreductase respectively.
Extracts from cells grown with 56 ml 1-1 of the heated mixture M2 had no pyruvate-ferredoxin oxidoreductase or hydrogenase activity. However, the cells in this case were non-viable and the loss of enzyme activity could have been a secondary consequence of cell death.
The sensitivity of the enzymes in vitro to the inhibitory iron-nitrosyl complexes was tested by treating soluble extracts from normal cells with the mixtures and estimating their enzyme activities. After a 5 rnin incubation of crude extract with M1 or M2 (at concentrations inhibitory to growth) at room temperature, pyruvate-ferredoxin oxidoreductase and hydrogen- Cultures were incubated at 37 "C in normal growth medium for 4 h prior to the aseptic addition of each inhibitor. After a further 12 h each culture was inoculated into fresh growth medium devoid of inhibitor, and incubated overnight at 37 "C.
inhibiting clostridial growth ' 
Concn
Growth inhibitory to in fresh medium [Fe-S-NO] complex growth @M) ase activities were not significantly inhibited, although a 23 % decrease in activity of hydrogenase was observed after incubation with M1 for 15 min. A whole range of [Fe-S-NO] salts was tested at 1.3 mM concentration, and failed to cause significant inhibition of pyruvateferredoxin oxidoreductase activity (Table 3) . At 6.2 m~- [Fe,s,(No) ,], hydrogenase activity was inhibited to a greater extent than pyruvate-ferredoxin oxidoreductase activity, but this concentration is much higher than that required to prevent cell growth. i i
EPR of cell interactions with [ Fe-S-NO] species
M1 was weakly paramagnetic, and produced an EPRdetectable iron-nitrosyl signal at g = 2.03 (not shown). Double integration of the signal indicated that it corresponded to only 0.028 m M spin concentration, i.e. 8% of nitrite added (assuming the signal indicates a dinitrosyl species). This signal disappeared on autoclaving. Thus both M1 and M2 were predominantly EPR-silent .
EPR spectra, recorded at 90 K, of cells grown in the presence of M1 or M2 (Fig. 4) showed signals around g = 2.04. These were not seen in control cells, and are indicative of mononuclear iron-nitrosyl species of the type [Fe(NO),(SR),]-. The intensity of these signals in cells grown with*Ml (Fig. 4b) , which permitted normal cell growth, was similar to or greater than the intensity in cells grown with M2 (Fig. 4c) , which totally inhibited cell growth. Similarly, EPR spectra at 90K of cells after growth with higher dilutions of M2 showed iron-nitrosyl signals at g = 2.04, even when the concentrations added were too low to cause inhibition of cell growth. EPR spectra of cells, recorded at 16 K, showed signals around g = 1.94, due to reduced iron-sulphur clusters (Fig. 5a) . This signal was decreased in cells grown with M1, and absent from cells grown with M2 (Fig. 56, c) . The effect of M1 could be explained by a partial oxidation of the iron-sulphur clusters, since the g = 1.94 signal was restored by reduction with dithionite ( 5e). By contrast, dithionite did not restore the signal in cells grown with M2 (Fig. 5f) , indicating that the ironsulphur clusters had disappeared. Incubation of reduced ferredoxin with M2 did not cause a decrease in the g = 1.94 signal intensity (data not shown). Growth with MI or M2 also induced a broad EPR signal at ag-value around 1-65 (Fig. 4b, c) . This spectrum was similar to those observed in cells grown with the inhibitory (and much higher) concentrations of nitrite plus ascorbate (Payne et al., 1990) . The spectrum disappeared on addition of dithionite (Fig. 5e, f) , indicating that it represents an oxidized species, or one destroyed by dithionite. The g = 1.65 signal was not observed in samples of supernatant obtained after cell growth, and was dependent on the presence of cells.
EPR spectra at 16 K of the washed cell pellets after growth with several of the [Fe-S-NO] species, also showed broad signals at g = 1.65 (Fig. 6) . We have previously observed these signals in cells and soluble cell extracts (Payne et al., 1990) incubated with nitrite and ascorbate at concentrations inhibitory to cell growth. So far, the Occurrence of these signals has coincided with cell damage and pigmentation. Iron-nitrosyl signals at g = 2.03 (measured at 90 K) were also detected, but as in our previous studies (Payne et al., 1990) , the signal intensity after cell growth with [Fe-S-NO] complexes did not correspond to the degree of growth inhibition. EPR spectroscopy of soluble extracts prepared from cells grown in the presence of M1 or M2, and reduced with 2 m~ dithionite, revealed signals at around 14 K, typical of reduced clostridial ferredoxins (Fig. 7) . The signal size from extract obtained after cell growth. with M1 (Fig. 7b) was about half that of control cells (Fig. 7a) , but the cell yield (in g 1-l) after growth with M1 (Payne et 121. 1990) was 98% of the control cells. The spectrum of extracts from cells grown with M2 still showed evidence of reduced iron-sulphur centres, but was much smaller. 'This is expected, because cell growth was totally inhibited, and the cells appeared to have undergone disruption; the protein content of the extract was extremely low. In summary, the cells could continue to grow, although the amount of iron-sulphur clusters (mostly ferredoxin) was decreased; on the other hand, some iron-sulphur clusters remained even under conditions of complete growth inhibition.
The effects of the [Fe-S-NO] complexes on ferredoxin were tested by observing its EPR spectrum. The normal EPR spectrum of reduced ferredoxin is shown in Fig.  8a ). This spectrum was virtually unaffected by incubation for 1 h with M1 or M2, at 56 ml 1-1 concentration (Fig. 8b, c) . The effects of the complexes on the ironsulphur proteins in the cell were also studied by EPR. Spectra of cell extracts from which ferredoxin had been removed show the presence of other reduced [4Fe-4S] clusters (Fig. 9a) , which are found in various proteins, including hydrogenase and pyruvate-ferredoxin oxidoreductase. After incubation of this extract with 0.413 rn~- [Fe,s,(NO) ,] for 15 min at room temperature (Fig. 9b) , the spectrum was partly decreased but the shape remained the same, indicating that the principal [4Fe-4S] clusters were not drastically affected by bacteriostatic concentrations of this compound.
Discussion
In heated cured meats, around 50mg of NaN02 (kgmeat)-l is involved in interactions with haem and non-haem iron (van Roon, 1980) . This nitrite level is roughly equivalent to 725 p~ concentration, and is an order of magnitude higher than that found necessary to form the potent growth inhibitor(s) that we formed in the presence of FeSO, and cysteine. In meat, much of the nitrite (as nitric oxide) is likely to be sequestered in less inhibitory forms such as nitrosyl haems (formed from interaction with porphyrins, etc.). Perigo & Roberts (1968) originally observed the 'Perigo effect' (enhanced inhibition of clostridial growth after autoclaving nitrite in growth medium) at pH 6.0 and above. In the present work, we observed total inhibition of clostridial growth at pH 7-4 by 40 PMNaNO,, in the form of [Fe-S-NO] complexes, while 40 ~M -N~N O , alone, when autoclaved in medium, failed to inhibit growth. Therefore, the inhibitor formed in this study appears to be more potent than, and different from, the 'Perigo factor'. Cell growth was not inhibited when the concentration of FeSO, was limiting in autoclaved mixtures of cysteine and nitrite, so it can be concluded that if cysteine-nitrosothiols form, they are not responsible for cell growth inhibition. It is unlikely that the neutral/basic environment of growth medium (pH 7.4) would facilitate nitrosothiol formation, which occurs between nitrite and cysteine at pH 2 (Moran et al., 1975) . It therefore appears that the inhibitory species formed are not 'Perigo inhibitors' or nitrosothiols.
We have found (cf. Payne et al., 1990 ) that the cell lysis, pigmentation and visual damage of cells (observed by electron microscopy) induced by nitrite is enhanced if the nitrite is in the form of [Fe-S-NO] complexes. It is possible that complex formation from nitrite may maximize the availability of nitric oxide within a given system. When these [ Fe-S-NO] complexes decompose, they evolve nitric oxide. This method of producing nitric oxide may be more efficient than that of nitrite reduction by ascorbate. Cassens et al. (1979) found that addition of around 100 pM-Fe(II) to meat emulsions resulted in a higher level of protein-bound nitrite. This concentration of iron is comparable to the levels which were inhibitory in the present study. The [Fe-S-NO] inhibitors formed in our studies were produced at moderate pH, and required heat. Thermal processing of meats may result in similar reactions. Under usual cured meat conditions, the molar ratio of NaN0, added to reduced thiol groups is around 1 : 9 (Cassens et al., 1979) , providing an excess of reduced thiol groups over those necessary (in the form of cysteine) for cell growth inhibition. In addition, the detectable range of free iron in muscle meats such as turkey and chicken (Kanner et al., 1988) correlates well with the millimolar levels of FeSO, found necessary to inhibit growth in this study. Therefore iron, nitrite and thiols appear to be present in meat at suitable concentrations for [Fe-S-NO] formation. Butler et al. (1988) [Fe(~ysteine)(NO)~] is diamagnetic, and may form an EPR-silent species in the autoclaved preparations of NaNO,, FeSO, and cysteine. However, excess nitric oxide appears to be necessary for its formation (Larkworthy et al., 1977) , making it a less likely candidate. [Fe(NO),(SPh),] was non-inhibitory at 10 PM concentration but higher concentrations were not possible because of insolubility following addition to the growth medium.
High-spin ferrous-nitrosyls (with g-values at 2.0 and 4.0), were formed when M1 was autoclaved to yield M2, prior to adding to growth medium. We have observed these signals in medium after cell growth inhibition by concentrations of nitrite (and equimolar ascorbate) above 10 mM. High-spin ferrous-nitrosyl compounds are readily formed by iron and nitrite with EDTA Rich et al., 1978) . Tompkin et al. (1978) found that EDTA acted synergistically with nitrite to inhibit cell growth, though they concluded that its action was to sequester cations essential for botulinal outgrowth. Vanin & Aliev (1983) found that ascorbate anions reacted with Fe2+ ions, forming both low-spin and highspin ferrous-nitrosyl complexes, the former characterized by g = 2-02-2-04 and the latter by g = 4.0 and 2.0. They failed to find any ligands present in animal tissues which could form high-spin nitrosyl complexes with iron. Our studies did not involve EDTA, and ascorbate was not necessary in the formation of high-spin ferrousnitrosyls. However, because high levels of nitrite are needed for EPR-detectable high-spin nitrosyl formation, and for total inhibition of cell growth, we have not found any correlation between these signals and the antimicrobial activity of nitrite in foods.
The broad EPR signals around g = 1.65 detected after cell growth with either MI or M2 are interesting. No information about this signal appears to have been published before, possibly because most EPR spectroscopic studies of nitrosyl formation have been carried out at temperatures above 100 K. Because the signal was also observed after treating cells grown under normal conditions with nitrite and ascorbate, there may be a link between the mode of action of nitrite and of [Fe-S-NO] species. The tendency of this signal to form in the presence of lower concentrations of NaN0, , when used with FeSO, and cysteine, matches the tendency of NaNO, to inhibit cell growth under similar conditions. Although the signal was sometimes absent when cell growth was totally inhibited, this may have been due to the reduced state of the cells, as the signal disappeared on treatment with strong reducing agents, e.g. dithionite.
We have also observed this signal after heating MI (at 0.056 ml ml-l concentration, where nitrite = 0.04 mM) with cell-free extract of C. sporogenes, at 60 "C for 5 min. This indicates that the species may form because of a direct interaction of [Fe-S-NO] species with cytosolic proteins.
All of the compounds tested, and the mixtures of iron, nitrite and cysteine, were bacteriostatic, but some required significantly higher concentrations than others. Our benchmark for the bacteriostatic species is a compound present in the autoclaved mixture M2. This is relatively stable and water-soluble, and acts at an effective nitrite concentration of 4 0 p~ or less. The minimum inhibitory concentration of [ Fe,(SMe),(NO),] required was considerably higher than this ( Table 2) . The most potent bacteriostatic [Fe-S-NO] complexes of known formula that we have used are the EPRsilent complexes [Fe,S,(NO) ,] and [Fe,S,(NO),] . [Fe,S,(NO) ,] was as effective as M2 on the basis of nitrite equivalents, while [Fe,Se,(NO) ,] was somewhat less effective. However, these comparisons cannot be precise, since the compounds can interconvert in the complex aqueous growth medium. Some of the [Fe-S-NO] complexes were poorly soluble in the water ethanol mixtures in which they were added. It is possible, therefore, that the concentration of the actual inhibitory species in solution may be lower than the total concentration of the compound added. Since cells grown on each of the complexes yielded a similar g = 1.65 EPR signal, it is possible that it is the interaction with cells which produces a similar inhibitory product.
The interactions of nitrite and nitric oxide with ironsulphur clusters to form [Fe-S-NO] compounds, and their subsequent interconversions (Butler et al., 1988) might be significant for two reasons.
1. The destruction of iron-sulphur clusters in proteins by nitrite or nitrosyl complexes could form a basis for the inhibition of metabolism and hence of cell growth. The results presented here and in the accompanying paper (Payne et al., 1990) indicate that although nitrite or [Fe-S-NO] complexes have relatively little effect on the levels of iron-sulphur proteins in vitro, they can cause a definite decrease in the same enzymes in vivo. One possible explanation for this decrease is that the ' complexes could inhibit the assembly of iron-sulphur . clusters into proteins. The mechanisms for biosynthesis of iron-sulphur proteins are at present unknown. As discussed previously (Payne et al., 1990) , the decrease in the levels of iron-sulphur proteins may contribute to the loss of viabilty of the cells, but is probably not the principal cause.
2. The interaction of nitrite and nitric oxide with iron-sulphur proteins, or with precursor iron-sulphur clusters, could provide a mechanism for the formation of [Fe-S-NO] compounds which could then inhibit the cells in other ways. Pigmentation of cells by these [Fe-S-NO] complexes, and lack of EPR-detectable nitrosyl formation in the medium, indicate that the complexes have an affinity for the cells. This may perhaps be due to their hydrophobic nature.
